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ABSTRACT 

*. 
The a u t h o r ' s  p rev ious  model f o r  \ the v a r i a t i o n  of me teo ro id  impact 

f l u x  w i t h  r e s p e c t  t o  d i s t a n c e  from t h e  e a r t h  i n  c i s l u n a r  s p a c e  i s  s i m p l i -  
f i e d  and c o r r e c t e d  f o r  t he  i n c r e a s e  i n  t h e  i n f e r r e d  mass of  a me teo ro id  
due t o  t h e  new p r e s s u r e  v a l u e s  i n  t h e  U. S. ,Standard Atmosphere, 1 9 6 2 .  
A new model f o r  the co r re spond ing  p u n c t u r e  f l u x  is  developed a s  a func -  
t i o n  of m a t e r i a l  pa rame te r s  and t h i c k n e s s  by i & t e r p r e t i n g  E x p l o r e r  XVI 
p u n c t u r e  d a t a  i n  r e l a t i o n  t o  t h e  r e v i s e d  model f o r  impact f l u x  and t o  
e x t r a p o l a t e d  r e s u l t s  from t h e  M a r t i n  Company's m u l t i v a r i a t e  a n a l y s i s  o f  
l a b o r a t o r y  h y p e r v e l o c i t y  impact d a t a ,  

During one y e a r  a f t e r  a Pegasus s a t e l l i t e  has  been deployed i n  a n  
o r b i t  w i t h  p e r i g e e  and apogee h e i g h t s  of 505 and 7 4 0  k i l o m e t e r s ,  t h e  
number of p u n c t u r e s  i n  t h e  16 s h e e t s  of t h e  0.0015-inch s e n s o r ,  t h e  34 
s h e e t s  of  t h e  0 .008- inch  s e n s o r ,  and t h e  366 s h e e t s  of  t h e  0.016-inch 
s e n s o r  a r e  p r e d i c t e d  t o  be  approx ima te ly  5 4 3 0 ,  4 1 ,  and 3 8 ,  r e s p e c t i v e l y ,  
when t h e  e x t r a  m a t e r i a l  i n  t h e  bonded c a p a c i t o r s  i s  c o n s i d e r e d .  The 
e s t i m a t e d  masses of  t h e  me teo ro ids  which can j u s t  p u n c t u r e  t h e s e  s e n s o r s  
when t h e y  have t h e  mean v a l u e s  of d e n s i t y  ( 0 . 4 4  gram p e r  c u b i c  c e n t i -  
m e t e r ) ,  v e l o c i t y  (26.7 k i l o m e t e r s  p e r  s e c o n d ) ,  and impact a n g l e  (71/4 
r a d i a n )  a r e  10-7*84, 10-5.85, and gram. 
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CISLUNAR METEOROID LMPACT AND PUNCTURE MODELS WITH 
PREDICTED PEGASUS SATELLITE PUNCTURES 

SUMMARY 

I n  c i s l u n a r  s p a c e  a t  a d i s t a n c e  of  h k i l o m e t e r s  from t h e  s u r f a c e  of 
t h e  e a r t h ,  where 2 5 l o g  h 5 6 ,  the mean me teo ro ids  Fs w i t h  mass e q u a l  
t o  o r  g r e a t e r  t han  m grams, where -10 5 l o g  m 5 0,  impact ing p e r  second 
per  s q u a r e  me te r  of t o t a l  a r e a  of a randomly o r i e n t e d  o r b i t i n g  v e h i c l e  
should be cons ide red  t o  be an e x p o n e n t i a l  f u n c t i o n  of  m y  

where t h e  exponent  p2 i s  a f u n c t i o n  of h: 

2, + 0 .24( log  h - 2) .  
o . ~ c ( l o g  h - 

@2 = -1 - 0.34e 

Cor re spond ing ly ,  t h e  punc tu re  f l u x  $5 through a homogeneous m e t a l l i c  w a l l  
of t h i c k n e s s  p c e n t i m e t e r s  should b e  cons ide red  t o  b e  a n  e x p o n e n t i a l  
f u n c t i o n  of t h e  nominal ly  punc tu r ing  mass 17 w i t h  t h e  same exponent 

where t h e  nomina l ly  p u n c t u r i n g  m a s s  m i s  a f u n c t i o n  of t h e  m a t e r i a l  
pa rame te r s  of t h e  m e t a l l i c  w a l l :  

where Ct i s  t h e  b u l k  v e l o c i t y  of sound ( k i l o m e t e r s  pe r  s e c o n d ) ,  E t  is  10’“ 
t imes Young’s modulus (ki lograms p e r  s q u a r e  c e n t i m e t e r ) ,  c t  is t h e  d u c t i l i t y  
( p e r c e n t  e l o n g a t i o n  i n  2- inch gauge l e n g t h  a t  f r a c t u r e ) ,  and v t i s  P o i s s o n ’ s  
r a t i o ,  

During one y e a r  a f t e r  a Pegasus s a t e l l i t e  has  been deployed i n  a n  
o r b i t  w i t h  p e r i g e e  and apogee h e i g h t s  of 505 and 740 k i lome te r s ,>k  t h e  ’ 
number of p u n c t u r e s  i n  t h e  16  s h e e t s  of t h e  0.0015-inch s e n s o r ,  t h e  34 
s h e e t s  of t h e  0.008-inch s e n s o r ,  ‘and t h e  366 s h e e t s  of t h e  0.016-inch 
s e n s o r  a r e  p r e d i c t e d  t o  be  approx ima te ly  5430, 41,  and 38, r e s p e c t i v e l y , ; \  
when t h e  e x t r a  m a t e r i a l  i n  t h e  bonded c a p a c i t o r s  is  c o n s i d e r e d .  The 
e s t i m a t e d  masses  of t h e  meteoroids  which can j u s t  punc tu re  t h e s e  s e n s o r s  
when they  have t h e  mean v a l u e s  of d e n s i t y  (0.44 gram p e r  c u b i c  c e n t i -  
m e t e r ) ,  v e l o c i t y  (26.7 k i l o m e t e r s  p e r  s e c o n d ) ,  and impact a n g l e  ( ~ / 4  
r a d i a n )  a r e  10-7*84, 10-5*85, and  10’4-98 gram. 

+:See f o o t n o t e s  on page 19.  



I. INTRODUCTION 

During the f i r s t  h a l f  of  1964 Da l ton  [ l ]  c o n s t r u c t e d  a model which 
gave meteoroid impact  and punc tu re  5 lux  a s  f u n c t i o n s  o f  t h e  d i s t a n c e  
from t h e  e a r t h  i n  c i s l u n a r  space .  The impact  model was made t o  a g r e e  
w i t h  Whipple 's  [ 2 ]  n e a r  t h e  e a r t h ,  and t h e  dependence on d i s t a n c e  from 
t h e  e a r t h  was g i v e n  i n  c o n s i d e r a t i o n  of  arguments  by Whipple [ 3 ] ,  
Hawkins [ 4 ] ,  Br iggs  [ 5 ] ,  and McCracken and Dubin [ 6 ] .  Some changes i n  
t h e  impact f l u x  invo lv ing  b o t h  mass and v e l o c i t y  a r e  i n t r o d u c e d ,  b u t  t h e  
main change from Reference  1 is t h a t  D a l t o n ' s  [ 7 ]  punc tu re  model is  
revised i n  c o n s i d e r a t i o n  of H a s t i n g ' s  [8, 91 d a t a  f o r  E x p l o r e r  X V I  and 
t h e  m u l t i v a r i a t e  a n a l y s i s  of l a b o r a t o r y  h y p e r v e l o c i t y  d a t a  by Reismann, 
Donahue, and B u r k i t t  [ l o ] .  

The e a r t h  s h i e l d i n g  f a c t o r  is  inc luded  i n  t h e  model; b u t  no c o n s i d e r a -  
t i o n  is  g iven  t o  s h i e l d i n g  by t h e  moon, o r  t o  any  secondary  f l u x  which 
may be  encountered n e a r  t h e  moon o r  on t h e  l u n a r  s u r f a c e  due t o  h i g h  
v e l o c i t y  e j e c t a  p o s s i b l y  i n i t i a t e d  by t h e  impact  o f  me teo ro ids .  The 
model is  in tended  f o r  p r e s e n t  d e s i g n  c o n s i d e r a t i o n s  th roughou t  t e n  o r d e r s  
of magni tude below meteoro id  u n i t  mass i n  grams and from one hundred t o  
one m i l l i o n  k i lome te r s  from t h e  e a r t h .  A l l  l o g a r i t h m s  a r e  f o r  b a s e  t e n .  
E r r o r s  r e p r e s e n t i n g  u n c e r t a i n t y  a r e  rough ly  normal ly  d i s t r i b u t e d ,  and t h e  
i n d i c a t e d  probable  e r r o r s  r e p r e s e n t  a r e v i s i o n  of  t h e  a u t h o r ' s  [ l ,  7 1  
prev ious  e s t i m a t e s  due t o  a r e v i s e d  t r e a t m e n t  w i t h  r e s p e c t  t o  d e n s i t y  i n  
S e c t i o n  V. 

11. FLUX ADJUSTMENT FOR NEW STANDARD ATMOSPHERE 

g p i k  [ l l ]  showed t h a t  meteor  luminous e f f i c i e n c y  is  i n v e r s e l y  pro-  
p o r t i o n a l  t o  t h e  cube of  t h e  a tmosphe r i c  p r e s s u r e  a t  t h e  p o i n t  of 
d i sappea rance  o f  t he  me teo r ,  D a l t o n ' s  [ l ]  model presupposed Whipple ' s  
[2 ]  model,  which was based on t h e  ARDC Model Atmosphere 1959 [12] .  
t imes t h e  loga r i thm of t h e  r a t i o  of  t h e  means o f  t h e  85-90 k i l o m e t e r  pres-  
s u r e  from the  U.  s.  S tandard  Atmosphere 1962 E131 and t h e  ARDC Model 
Atmosphere 1959 [12] g i v e s  a mass increment  of 0.20 o r d e r s  o f  magni tude .  
This cor responds  t o  a f l u x  increment  of (1 .34)(0.20)  = 0.27 o r d e r  of 
magni tude.  

Three  

111. FLUX ADJUSTMENT FOR MEAN SHOWER ACTIVITY 

Whipple 's  [ 2 ]  model was o b t a i n e d  by r e - e s t i m a t i n g  t h e  mass o f  t h e  
zero-v isua l -magni tude  meteor  i n  t h e  model by  Hawkins and Upton [141 f o r  
t h e  f l u x  of  photographic  meteors  n o t  be long ing  t o  t h e  major  s t r e a m s  (showers) .  
Pho tograph ic  d a t a  w i t h  s i m i l a r  l i m i t i n g  s e n s i t i v i t y  were p u b l i s h e d  by 
Hawkins and Southworth [15]  who t a b u l a t e d  74 shower and 286 s p o r a d i c  m e t e o r s .  
I n  r e f e r r i n g  t o  t h i s  work of Hawkins and Southwor th  [15 ] ,  W h i p p l e  and 
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Hawkins E161 i n d i c a t e d  t h a t  83 pe rcen t  of  such  meteors  do n o t  be long  t o  
major  s t r e a m s .  T h e r e f o r e ,  a model f o r  t h e  mean t o t a l  f l u x  would seem 
t o  b e  ob ta ined  by i n c r e a s i n g  t h e  mean f l u x  f o r  s p o r a d i c  meteors  by 0.08 
o r d e r  of magnitude;  i . e . ,  - log 0.83 = 0.08. 

I V .  MEAN TOTAL IMPACT FLUX 

By combining t h e  increments  i n d i c a t e d  i n  S e c t i o n s  I1 and 111, t h e  
impact  f l u x  i n  D a l t o n ' s  [ l ]  model is  i n c r e a s e d  by 0.35 o r d e r  o f  magni- 
t u d e  th roughou t  c i s l u n a r  space ;  i . e . ,  

l o g  Fs = p2 l o g  m + p3 (1) 

ps = - 14.2  4 0.60, (3)  

where Fs i s  t h e  mean t o t a l  number of  impacts  o f  me teo ro ids  w i t h  mass 
e q u a l  t o  o r  g r e a t e r  than  m grams p e r  second p e r  s q u a r e  meter of t o t a l  
a r e a  o f  a s p h e r i c a l  v e h i c l e  o r  of a randomly o r i e n t e d  v e h i c l e ,  and h i s  
t h e  d i s t a n c e  from t h e  s u r f a c e  of t h e  e a r t h  i n  k i l o m e t e r s .  The fo l lowing  
approx ima t ion  was made f o r  a term i n  e q u a t i o n  (3):  

-O.O28(log h - 2 )  -0.07 f o r  2 5 l o g  h 5 6 

where t h e  e x a c t  v a l u e  of t h e  term v a r i e s  between 0 a t  l o g  h = 2  and -0.10 
a t  l o g  h = 5 . 5 9  ( l u n a r  d i s t a n c e ) .  The maximum e r r o r  (nea r  t h e  e a r t h )  due 
t o  t h i s  approx ima t ion  i s  s m a l l  i n  comparison w i t h  t h e  u n c e r t a i n t y  i n  
e q u a t i o n  ( 3 ) .  

V. MATERIAL DENSITY OF METEOROIDS 

A t  t h e  moon's d i s t a n c e  from t h e  e a r t h ,  where t h e  v a l u e  of log  h i s  
5 .59 ,  t h e  s l o p e  p2 i n  e q u a t i o n s  (1) and (2)  has  a u n i t  n e g a t i v e  v a l u e ,  
and b o t h  p2 and p3 have t h e  same v a l u e s  when t h e  same u n i t s  a r e  used 
i n  Hawkins' [ 4 ]  formula f o r  t h e  f l u x  of l a r g e  s t o n e  m e t e o r i t e s  o n t o  t h e  
e a r t h .  The p resence  o f  some s tone  me teo ro ids  w i t h  mass l e s s  t han  one 
gram would n o t  b e  t o o  c o n t r o v e r s i a l .  
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Br iggs  [51  found t h a t  z o d i a c a l - l i g h t  o b s e r v a t i o n s  a r e  c o n s i s t e n t  
w i t h  the t h e o r e t i c a l  a p p a r e n t  b r i g h t n e s s  due t o  s c a t t e r e d  l i g h t  from t h e  
s t e a d y - s t a t e  sys t em of p a r t i c l e s  i n  t h e  s o l a r  system under  t h e  a c t i o n  of 
t h e  Poynting-Robertson e f f e c t  when i t  was assumed (1) t h a t  t h e  c o n c e n t r a -  
t i o n  of p a r t i c l e s  w i t h  r a d i i  e q u a l  t o  o r  g r e a t e r  t han  50 microns i s  
i n v e r s e l y  p r o p o r t i o n a i  t o  mass m a t  a d i s t a n c e  of one a s t r o n o m i c a l  u n i t  
from t h e  sun  ( a l t h o u g h  n o t  n e c e s s a r i l y  n e a r  the e a r t h ) ,  and ( 2 )  t h a t  t h e  
m a t e r i a l  d e n s i t y  is  0.1 f o r  t h e  l a r g e r  p a r t i c l e s  ( - 7 . 3  < l o g  m). The 
p resence  o f  a mixed p o p u l a t i o n  of  p a r t i c l e s ,  a b o u t  90 p e r c e n t  w i t h  d e n s i t y  
0.1 and abou t  10 p e r c e n t  w i t h  t h e  d e n s i t y  of  s t o n e  - 8 p i k  [ 1 7 ]  g i v e s  t h e  
d e n s i t y  o f  m e t e o r i t i c  s t o n e  a s  3.4  - would t h e r e f o r e  n o t  be  s u r p r i s i n g .  
The d e n s i t y  0.44 i n  Whipple 's  [ 2 ]  model is approx ima te ly  t h e  mean d e n s i t y  
f o r  such  a mixed p o p u l a t i o n  of s t o n e s  and d u s t b a l l s ,  presumably d e r i v e d  
from a s t e r o i d s  and comets,  r e s p e c t i v e l y .  But t he  l i k e l i h o o d  f o r  such  a 
mixed p o p u l a t i o n  h a s  been d i s c o u n t e d  c o n s i d e r a b l y  i n  s t u d i e s  of photo- 
g r a p h i c  meteor d a t a  ( f o r  which approx ima te ly :  - 2  5 l o g  m < 1) by W h i p p l e  
and Hawkins [16], and by J a c c h i a  and Whipple [18]. 

I n  Briggs '  [ 5 ]  model f o r  s m a l l  p a r t i c l e s ,  d i s c u s s e d  above,  d e n s i t y  
i n c r e a s e s  from 0.1 through 0.44  a s  log m d e c r e a s e s  from - 7 . 3  t h rough  

3 . 5  . Any tendency f o r  s m a l l  d u s t b a l l s  t o  approach  t h e  d e n s i t y  of 
s m a l l e r  c o n s t i t u e n t  d u s t  g r a i n s  would n o t  be  s u r p r i s i n g .  

E v i d e n t l y ,  t h e  d e n s i t y  i s  n o t  v e r y  w e l l  known, b u t  f o r  p r e s e n t  pur-  
poses  t h e  assumption o f  a n  e f f e c t i v e l y  homogeneous p o p u l a t i o n  of  p a r t i c l e s ,  
h a l f  of which have d e n s i t i e s  which do n o t  d i f f e r  by more t h a n  a f a c t o r  
between 1 1 2  and 2 from t h e  mean d e n s i t y ,  and mean d e n s i t y  equa l  t o  t h a t  i n  
Whipple 's  [ 2 ]  model t o  w i t h i n  a f a c t o r  2 p r o b a b l e  e r r o r ,  seems t o  be  a 
r e a s o n a b l e  exped ien t ;  i . e .  , 

log  pp = l o g  pp k 0.30 

( 4 )  
log pp = -0.35 i: 0.30 = l o g  0.44  i: 0.30' 

Only t h e  u n c e r t a i n t y  i n  t h e  mean d e n s i t y  a p p e a r s  t o  a f f e c t  t h e  u n c e r t a i n t y  
i n  t h e  mean f l u x ,  and t h e  a u t h o r ' s  [l, 71 p r e v i o u s  e s t i m a t e s  o f  u n c e r t a i n t y  
must be  r e v i s e d  h e r e .  
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V I .  METEOROID IMPACT VELOCITY 

D a l t o n ' s  [ 7 ]  r e s u l t s  show t h a t  me teo ro ids  impact a g a i n s t  a n  o r b i t -  
i ng  v e h i c l e  w i t h  v e r y  n e a r l y  t h e  same mean impact speed a s  they  have 
w i t h  r e s p e c t  t o  t h e  atmosphere.  For the p r e s e n t  purpose,  i t  seems 
a p p r o p r i a t e  t o  assume t h a t  t he  o r b i t a l  v e l o c i t y  of t h e  v e h i c l e  does 
n o t  a p p r e c i a b l y  enhance e i t h e r  the f l u x  o r  t h e  c l o s i n g  v e l o c i t y .  

Because me teo ro id  mass ranges th rough  t e n  o r d e r s  of  magni tude i n  
t h e  p r e s e n t  f l u x  model, any s t a t i s t i c a l  r e l a t i o n  between mass and v e l o c i t y  
is  of  c o n s i d e r a b l e  i n t e r e s t .  Ve loc i ty  i n f o r m a t i o n  is  a v a i l a b l e  o n l y  f o r  
p h o t o g r a p h i c  and r a d i o  m e t e o r s ,  bo th  of which i n v o l v e  s e l e c t i o n  e f f e c t s  
which l e a d  t o  b i a s e d  samples .  Photographic  d a t a  a r e  more a c c u r a t e ,  b u t  
t h e  r e c e n t l y  pub l i shed  d a t a  (Hawkins and Southworth [15 and 191) c o n t a i n  
v a l u e s  f o r  t h e  masses of  meteoroids  computed on Hawkins' [20]  c o n v e n t i o n a l  
model of t h e  s ing le -body  me teo r .  More r e c e n t  o p i n i o n  d i s c o u n t i n g  t h a t  
any  a p p r e c i a b l e  p e r c e n t a g e  of such s u b s t a n t i a l  bod ie s  a r e  r e p r e s e n t e d  
i n  p h o t o g r a p h i c  d a t a  was d i s c u s s e d  i n  S e c t i o n  V.  

I n  a n  a n a l y s i s  n o t  y e t  p u b l i s h e d ,  t h e  a u t h o r  d e r i v e d  t h e  f o l l o w i n g  
formula f o r  the mass of d u s t b a l l s ,  based on ' dp ik ' s  Ell, 171 p h y s i c a l  
t h e o r y ,  on Whipple 's  [2 ]  e s t i m a t e  of  t h e  mass of t h e  me teo ro id  which 
produces a ze ro -v i sua l -magn i tude  meteor  a t  a v e l o c i t y  o f  30 k i l o m e t e r s  
p e r  second (based on t h e  ARDC Model Atmosphere, 1959 [ 1 2 ] ) ,  and on a n  
a d j u s t m e n t  due t o  t h e  U. S .  Standard Atmosphere, 1962 [ 1 3 ] :  

l o g  m = 1.40 + l o g  (h - he)  - log cos Z - 2 l o g  v + 0.23 s i n  5 ( l o g  v - 1 .55)  
B 

where hg i s  t h e  meteor  h e i g h t  i n  k i l o m e t e r s  above s e a  l e v e l  a t  t h e  p o i n t  
of appea rance ,  he i s  t h e  me teo r  h e i g h t  i n  k i l o m e t e r s  above s e a  l e v e l  a t  
the p o i n t  of  d i s a p p e a r a n c e ,  Z is  t h e  a n g l e  t o  t h e  meteor  r a d i a n t ,  v i s  
t h e  me teo ro id  v e l o c i t y  b e f o r e  d e c e l e r a t i o n  i n  t h e  a tmosphe re ,  and Mp i s  
t h e  meteor  a b s o l u t e  pho tograph ic  magnitude.  Values f o r  l o g  m were 
o b t a i n e d  by e q u a t i o n  (5)  f o r  each of  t h e  285 meteors  common t o  t h e  two 
t a b l e s  of d a t a  f o r  random samples of s p o r a d i c  meteors  p u b l i s h e d  by 
Hawkins and Southworth [15, 191. The r ange  f o r  l og  m was 

-2.2 z l o g  m i 1 . 0  

w i t h  a mean f o r  l o g  m of  -1.0.  A m u l t i v a r i a t e  s t a t i s t i c a l  a n a l y s i s  was 
made f o r  r e l a t i n g  l o g  m t o  l o g  v ,  t h e  a b s o l u t e  v a l u e  of  t h e  c e l e s t i a l  
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l a t i t u d e  of  the  c o r r e c t e d  r a d i a n t ,  t h e  a b s o l u t e  v a l u e  of t h e  e l o n g a t i o n  
of t h e  t r u e  r a d i a n t  from t h e  apex  of t h e  e a r t h ' s  way and t h e  h e l i o c e n t r i c  
e c c e n t r i c i t y  of t h e  o r b i t  of t h e  me teo ro id .  The fo l lowing  we igh t ing  
f u n c t i o n  f w a s  a p p l i e d ,  h o p e f u l l y  t o  r educe  t h e  b i a s  due t o  s e l e c t i o n  
e f f e c t s :  

0.225'2 f - h i 2  v'3/2 P'l f f  e Y 

where is the  meteor  h e i g h t  above s e a  level a t  t h e  p o i n t  of maximum 
b r i l l i a n c e ,  P is 'dp ik ' s  ( s ee  Whipple [ 2 1 ] )  p r o b a b i l i t y  t h a t  a meteoro id  
i n  a g i v e n  o r b i t  w i l l  encoun te r  t h e  e a r t h  d u r i n g  one r e v o l u t i o n  of  t h e  
p a r t i c l e ,  f f  i s  the  r e c i p r o c a l  of t h e  a p p a r e n t  f r a c t i o n  o f  t h e  c i r c l e  
of c e l e s t i a l  l a t i t u d e  through t h e  meteor  r a d i a n t ,  and e is t h e  b a s e  of 
n a t u r a l  l oga r i thms .  Weight ing t h e  d a t a  had t h e  fo l lowing  r e s u l t  r e l a t i v e  
t o  t h e  cor responding  a n a l y s i s  w i t h  uniform we igh t :  

(1) The m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t  was i n c r e a s e d  from 
0.161 t o  0 ,319.  

( 2 )  The p a r t i a l  c o r r e l a t i o n  c o e f f i c i e n t  w i t h  r e s p e c t  t o  l o g  m 
and log  v was i n c r e a s e d  from 0.033 t o  0.101. The mean 
v a l u e  of l o g  v was dec reased  from l o g  2 9 . 3  t o  l o g  26.7. 

Because t h e  mass v a r i e s  th rough on ly  t h r e e  o r d e r s  of magni tude i n  t h e  
sample ,  and because t h e  p a r t i a l  c o r r e l a t i o n  c o e f f i c i e n t  w i t h  r e s p e c t  t o  
l o g  m and log  v is s m a l l  and l i k e l y  n o t  s i g n i f i c a n t ,  i t  does n o t  seem 
p r a c t i c a l  t o  t r y  t o  e s t a b l i s h  a d i f f e r e n t  mean v e l o c i t y  f o r  me teo ro ids  
w i t h  s m a l l e r  mass. However, i t  does appea'r l i k e l y  t h a t  t h e  lower 
weighted mean v e l o c i t y  may be  a more n e a r l y  r e p r e s e n t a t i v e  v a l u e  f o r  t h e  
model;  i . e . ,  

log v = l o g  26.7 -I- 0.12. (7) 

V I I .  FIEAN FLUX FOR AN ORBITING VEHICLE 

IJhcn the  exposure  c i r cums tances  ( v u l n e r a b l e  a r e a ,  e t c . )  f o r  a 
v c l i i c l e  i n  o r b i t  do n o t  va ry  d u r i n g  t h e  o r b i t a l  p e r i o d ,  t h e  expec ted  
numbcr of  impacts i n  an  o r b i t a l  per iod  i s  t h e  p roduc t  of t h e  o r b i t a l  
p c r i o d ,  t h e  a r e a ,  and the  o r b i t a l  mean of t h e  f l u x  Fs. 
t i o n  (l), 

Then by equa- 
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(8) l o g  F = & l o g  m + p3, S 

where b2 is t h e  o r b i t a l  mean of p2 i n  e q u a t i o n  (2)  and is approximated 
c l o s e l y  enough by t h e  mean of t h e  v a l u e s  of  p2 a t  p e r i g e e  h e i g h t  hp and 
a t  apogee h e i g h t  ha - f o r  o r b i t s  w i t h  low e c c e n t r i c i t y  - i . e . ,  

r 1 

Has t ings  [8 ]  g i v e s  t h e  measured v a l u e s  of  p e r i g e e  h e i g h t  hp and 
apogee h e i g h t  ha f o r  t h e  Exp lo re r  X V I  micrometeoroid s a t e l l i t e  a s  750 
and 1180 k i l o m e t e r s ,  r e s p e c t i v e l y .  Then, by e q u a t i o n  ( l o ) ,  

V I I I .  EXPECTED PUNCTURE FLUX 

I n  D a l t o n ' s  [ 7 ]  model f o r  the punc tu re  of  a homogeneous m e t a l l i c  
w a l l  by h y p e r v e l o c i t y  impact o f  a s p h e r i c a l  p r o j e c t i l e ,  t h e  r e l a t i o n  
between t h e  minimum s u f f i c i e n t  mass m of  t h e  p r o j e c t i l e ,  i t s  v e l o c i t y  v ,  
and a n g l e  of impact  x2 can be expressed a s  

where p is  t h e  p r o j e c t i l e  d e n s i t y  and where p t ,  H,, and p a r e  t h e  
densi ty!  ha rdness  i n  B r i n e l l  u n i t s ,  and t h i c k n e s s  i n  c e n t i m e t e r s ,  
r e s p e c t i v e l y ,  f o r  t h e  punctured  w a l l .  For  meteoro id  impact  o n t o  a 
randomly o r i e n t e d  s u r f a c e ,  t h e  impact a n g l e  x2 has  s i n  2x2 p r o b a b i l i t y  
d e n s i t y .  Then l o g  m i n  equa t ion  (12)  is  a l i n e a r  f u n c t i o n  of t h e  t h r e e  
s t a t i s t i c a l l y  independent  random v a r i a b l e s :  l o g  v ,  l o g  pp, and l o g  cos x2 
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The mean of  such  a l i n e a r  f u n c t i o n  is  t h e  f u n c t i o n  o f  t h e  means; i . e . ,  

l o g  = -1 .9  + log  (p3 pt Ht) - ( 3 / 2 ) ( l o g  + l o g  COS g2) - l o g  bn. 
r 

(1 3) 

I n  S e c t i o n s  V and V I ,  r ea sons  were d i s c u s s e d  f o r  c o n s i d e r i n g  l o g  v and 
l o g  pp a s  e s s e n t i a l l y  normal ly  d i s t r i b u t e d .  
s t a n d a r d  d e v i a t i o n s  acco rd ing  t o  e q u a t i o n s  (4)  and (7)  a r e  

The weighted means and 

log  5, = l o g  0.44 = -0.35 

0 = 0.30/0.6745 = 0.44 
1 og Pp 

l og  = l o g  26.7 = 1.43  (16) 

0 = O.12/0.6745 = 0.18. 
log v 

By i n t e g r a t i o n ,  Dal ton  [7]  showed t h a t ,  f o r  t h e  o t h e r  v a r i a b l e ,  

0 = 0.047. 
log cos xz 

The v a r i a n c e  o f  a l i n e a r  f u n c t i o n  of  s e v e r a l  s t a t i s t i c a l l y  independent  
random v a r i a b l e s  i s  a l i n e a r  f u n c t i o n  of  t h e  v a r i a n c e s  of t h e  independent  
v a r i a b l e s  , the c o e f f i c i e n t s  be ing  t h e  s q u a r e s  of t h e  r e s p e c t i v e  p a r t i a l  
d e r i v a t i v e s ;  i . e . ,  

6 = (3/2) '  oFOg + (3 /2 )*  0' + cT2 = (0.52)2. 
l o g  cos x2  l o g  p l og  m 

(20) 
P 
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S i n c e  a l i n e a r  f u n c t i o n  of normal v a r i a b l e s  is a l s o  normal,  and s i n c e  
t h e  non-normal v a r i a b l e  ( log  cos x2) c o n t r i b u t e s  less than  two p e r c e n t  
of t h e  v a r i a n c e  i n  e q u a t i o n  (20)’ i t  f o l l o w s  t h a t  t h e  l o g a r i t h m  of  t h e  
minimum s u f f i c i e n t  mass m i n  equa t ion  (12) is  v e r y  n e a r l y  no rma l ly  
d i s t r i b u t e d .  By e q u a t i o n s  (14)’ (16)’ and (18), t h e  mean f o r  th i s  

-random v a r i a b l e  is  

By t a k i n g  t h e  d i f f e r e n t i a l  of t h e  a n t i l o g a r i t h m  of  e q u a t i o n  ( l) ,  t h e  
number of  me teo ro ids  -dFs impacting p e r  s q u a r e  me te r  p e r  second w i t h  masses 
between m and m + dm is 

Then t h e  number of p u n c t u r e s  $3 per  s q u a r e  me te r  pe r  second is  

where Pm is t h e  p r o b a b i l i t y  t h a t  t h e  mass m of a me teo ro id  i s  s u f f i c i e n t  
f o r  punc tu re  (i.e.,  Pm i s  t h e  cumulat ive d i s t r i b u t i o n  of t h e  no rma l ly  
d i s t r i b u t e d  v a r i a b l e  l o g  m as de f ined  by e q u a t i o n s  (12 ) ,  (20), and (21 ) ) .  
The t a n g e n t  l i n e  a t  t h e  p o i n t  Pm = 112 f o r  the cu rve  r e l a t i n g  Pm and l o g  m 
i s  a v e r y  c l o s e  approx ima t ion  t o  the cu rve  i n  t h e  i n t e r v a l  0.25 5 Pm 5 0.75, 
and i t s  e x t e n s i o n  throughout  t h e  i n t e r v a l  0 5 Pm 5 1 is c l o s e  enough f o r  
t h e  p r e s e n t  pu rpose ;  i . e . ,  

\ 

log lii - J-z - 0 I 
2 l o g  m 

Pm = 0 f o r  m < 10 
I 

’ 
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Expected punc tu re  f l u x e s  g1 and g2 f o r  t h e  one-mil and two-mil 
respec t ive  th i ckness  of  b e r y l l i u m  copper  on E x p l o r e r  X V I  w i l l  b e  d e t e r -  
mined. Has t ings  [ 8 ]  showed t h a t  t h e  one-mil and two-mil t a r g e t s  had 
mean t h i c k n e s s  i n  excess  of nominal t h i c k n e s s  by 15  and 7.5 p e r c e n t ,  
r e spec t ive ly ,  and  t h a t  the b e r y l l i u m  copper  shouid  be  e q u i v a i e n t  t o  
t a r g e t s  of  twice those  t h i c k n e s s e s  of 2024-T3 aluminum. Reismann, 
Donahue, and B u r k i t t  [ l o ]  g i v e  t h e  fo l lowing  v a l u e s  f o r  t h e  d e n s i t y  p 
and ha rdness  Ht of  2024-T3 aluminum: 2.77 and 120,  r e s p e c t i v e l y .  Then, 
by e q u a t i o n s  (20-21),  (23-24),  (3)  and (11)  the p u n c t u r i n g  mass and f l u x  
f o r  t h o s e  two t a r g e t s  shou ld  have been 

P 

l o g  fil = -7.539 (25)  

log  g1 = -4.562 (26) 

log  = -6.727 (27) 

The v a l u e s  f o r  t h e  punc tu re  f l u x  i n  e q u a t i o n s  (26) and (28)  a r e  0.577 
o r d e r  of magnitude h i g h e r  t han  t h e  v a l u e s  o f  t h e  impact  f l u x  by equa- 
t i o n s  ( 8 ) ,  ( l l) ,  and (3) cor responding  t o  t h e  v a l u e s  f o r  mass i n  equa- 
t i o n s  (25) and (27 ) ,  r e s p e c t i v e l y .  It should  be  expec ted  t h a t  t h e  0.577 
o r d e r  of magnitude increment  i n  t h e  punc tu re  f l u x  ( r e l a t i v e  t o  t h e  
v a l u e s  which would be  i n f e r r e d  from mean v e l o c i t y ,  mean d e n s i t y ,  and 
mean impact  a n g l e )  would have been s l i g h t l y  h i g h e r  i f  Pm had n o t  been 
l i n e a r l y  approximated by e q u a t i o n  (24) - s a y ,  0 .60,  Has t ings  [ 9 ]  gave  
t h e  t ime-area p roduc t  a s  107*06032 s q u a r e  me te r  seconds  (1431 s u a r e  
f o o t  days )  a f t e r  44 punc tu res  i n  t h e  one-mil  s e n s o r  and a s  l o 6 *  
s q u a r e  meter seconds  (682 s q u a r e  f o o t  days )  a f t e r  11 p u n c t u r e s  i n  t h e  
two-mil s e n s o r .  w i t h  t h e  punc tu re  r a t e s  from e q u a t i o n s  (26) and (28) ,  
t h e  p r e d i c t e d  number o f  punc tu res  would have been 315 and 1 6 ,  r e s p e c t i v e l y .  

9383 

Hawkins and Upton [14]  e s t a b l i s h e d  t h e  cumula t ive  f l u x  of me teo r s  w i t h  
r e s p e c t  t o  a b s o l u t e  pho tograph ic  magnitude.  I f  t h e  mean v e l o c i t y  is  
assumed f o r  a l l  me teo ro ids ,  t hen  a cumula t ive  f l u x  w i t h  r e s p e c t  t o  mass 
can b e  de r ived  which i s  0:65 o r d e r  of magni tude lower t h a n  t h e  one which 
Hawkins and Upton [141 gave and which i s  b a s i c  t o  the  p r e s e n t  model. I n  
an  a n a l y s i s  n o t  y e t  completed,  t h e  a u t h o r  is  i n v e s t i g a t i n g  t h i s  e f f e c t  
w i t h  Hawkins' and Southwor th ' s  [15]  random sample of 285 s p o r a d i c  me teo r s .  
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I X .  PREFERRED MODELS FOR IMPACT AND PUNCTURE FLUX 

The r e l a t i o n  between t h e  p r e d i c t e d  number of p u n c t u r e s  ( 3 1 5  and 1 6 ) f :  
and t h e  counted number ( 4 4  and 11) f o r  t h e  one-mil and two-mil s e n s o r s ,  
r e s p e c t i v e l y ,  o v e r  t h e  same i n t e r v a l  of t h e  E x p l o r e r  X V I  f l i g h t ,  r e p r e -  
s e n t s  a n  agreement  a s  c l o s e  a s  one s h o u l d  e x p e c t  by e x t r a p o l a t i o n  from 
then  e x i s t i n g  o b s e r v a t o r y  and l a b o r a t o r y  d a t a .  
t h a t  E x p l o r e r  X V I  r e s u l t s  can  b e  used t o  r w i s e  t h e  p u n c t u r e  f l u x  model 
f o r  more a c c u r a t e  p r e d i c t i o n  of the p u n c t u r e  f l u x  i n  c i s l u n a r  s p a c e  
through w a l l s  of  d i f f e r e n t  m a t e r i a l ,  t h i c k n e s s ,  and l o c a t i o n .  Because 
t h e  number of p u n c t u r e s  ( 4 4  and 11) is  s t a t i s t i c a l l y  a s m a l l  sample i n  
cons i d e r a  t i o n  of t h e  extreme d i v e r s i t y  o f  t h e  p o p u l a t i o n  of  i n c i d e n t  
me teo ro ids  , and because  t h e  t h i c k n e s s e s  of t h e  two s e n s o r s  d i f f e r e d  o n l y  
by a f a c t o r  two, i t  seems a p p r o p r i a t e  t o  c o n s i d e r  t h a t  t h e  d i f f e r e n c e  
between t h e  r a t i o  of  t h e  p r e d i c t e d  p u n c t u r e s  ( 3 1 5 : 1 6 )  and t h e  r a t i o  of  
counted p u n c t u r e s  (44:  1 1 )  may b e  s p u r i o u s .  This p r o v i s i o n  i s  r e t a i n e d  
by r e d u c i n g  t h e  impact and punc tu re  f l u x  i n  t h i s  new model by t h e  
we i g h  ted f a  c t o r  10- 84 , where 

But i t  shou ld  be  expec ted  

= 0.72 .  44 log  ( 3 1 5 / 4 4 )  + 11 l o g  ( 1 6 / 1 1 )  
44 + 11 84 = 

This  a d j u s t m e n t  i s  e q u i v a l e n t  t o  s u b s t i t u t i n g  6 0  and 3 f o r  the counted 
p u n c t u r e s  44 and 11, r e s p e c t i v e l y .  A l s o ,  by t h e  r e s u l t s  o f  t h e  examples 
i n  S e c t i o n  V I I I ,  when log m i n  equa t ion  (1) is  r e p l a c e d  by log ;;Z and a n  
inc remen t  ps is  added t o  the r i g h t ,  t hen  l o g  Fs can be  r e p l a c e d  by l o g  @, 
where 

p5 = 0.60. 

Then, by e q u a t i o n s  ( l) ,  ( 3 ) ,  ( 2 9 ) ,  and (30 )  
p u n c t u r e  f l u x  $ can be found from 

l o g  Fs = p2 l o g  m - 14.92 

l o g  = p2 l o g  15 - 14.32 ,  

Y t he  i n c i d e n t  f l u x  Fs and 

where p2 i s  g i v e n  by e q u a t i o n  ( 2 )  a s  a f u n c t i o n  of t h e  d i s t a n c e  h from 
t h e  s u r f a c e  o f  t h e  e a r t h .  B u t  i n s t e a d  o f  s u b s t i t u t i n g  D a l t o n ' s  [ 7 ]  
formula f o r  l o g  fi i n  e q u a t i o n  ( 2 1 )  i n t o  e q u a t i o n  ( 3 2 ) ,  i t  seems more 

+:Based on P re -Exp lo re r  X V I  r e s u l t s .  
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r e a s o n a b l e  to d e r i v e  a formula f o r  l o g  fi from t h e  r e s u l t s  o f  t h e  m u l t i -  
v a r i a t e  s t a t i s t i c a l  a n a l y s i s  of Reismann, Donahue, and B u r k i t t  [ l o ]  , 
and t h e  resu l t  i n  e q u a t i o n  (25) o f  a p p l y i n g  e q u a t i o n  (21) t o  t h e  
Exp lo re r  X V I  c o n d i t i o n s :  

( @ z ,  l og  p ,  l o g  5) = (1.205, -2.233, -7 .539) ,  (33)  

where p is  the th i ckness  of 2024-T3 aluminum i n  c e n t i m e t e r s .  

D r .  0. K. Hudson, MSFC r e p r e s e n t a t i v e  i n  the  NASA Meteoroid Tech- 
nology Advisory Working Group, r ecogn ized  t h e  p e r t i n e n c e  of t h e  e f f o r t  
by Reismann, Donahue, and B u r k i t t  [ l o ]  and sugges t ed  D r .  E z r a ' s  
(Research L a b o r a t o r i e s ,  Aerospace D i v i s i o n ,  Mar t in -Mar ie t t a  Corpora t ion )  
p r e s e n t a t i o n  of t h e i r  p r e l i m i n a r y  r e s u l t s  [ l o ]  a t  t h e  Seventh  Meet ing of  t h e  
NASA Meteoroid Technology Advisory Working Group, June 17-18, 1964. That  
e f f o r t  involved a s t a t i s t i c a l  a n a l y s i s  of a v a i l a b l e  d a t a  from v a r i o u s  
s o u r c e s  f o r  l a b o r a t o r y  exper iments  w i t h  p r o j e c t i l e s  of  v a r i o u s  m e t a l l i c  
m a t e r i a l s  impact ing a t  v a r i o u s  v e l o c i t i e s  a t  normal i n c i d e n c e  i n t o  t h i c k  
t a r g e t s  o f  v a r i o u s  m e t a l l i c  m a t e r i a l s .  By maximizing t h e  index  of co r -  
r e l a t i o n  of t h e  h y p e r s p a t i a l  r e g r e s s i o n  s u r f a c e  w i t h  t h e  expe r imen ta l  
d a t a ,  t h e  b e s t  l i n e a r  r e l a t i o n  was s o u g h t  between t h e  loga r i thms  of t h e  
c r a  ter-depth-versus-projectile-diameter r a t i o ,  of 9 p h y s i c a l  and mechan- 
i c a l  parameters  of t h e  t a r g e t  m a t e r i a l ,  of  t h e  r a t i o s  of 1 3  cor re spond ing  
p r o j e c t i l e  and t a r g e t  pa rame te r s ,  and of t h e  r a t i o  of t h e  c l o s i n g  v e l o c i t y  
t o  t h e  b u l k  v e l o c i t y  of sound i n  t h e  t a r g e t  m a t e r i a l .  A c t u a l l y ,  t h e  s o l u -  
t i o n  d i v i d e d  i n t o  t h r e e  v e l o c i t y  regimes w i t h  l i n e a r  segments  having  
s l o p e s  of 1.206, 0.736, and 0.500 i n  t h e  o r d e r  of i n c r e a s i n g  v e l o c i t y .  
Of t h e  22 independent  v a r i a b l e s  which were i n v e s t i g a t e d ,  s even  were found 
s u f f i c i e n t  to  maximize t h e  index  of c o r r e l a t i o n .  The r e s u l t s ,  w i t h  
rounded o f f  dec ima l s ,  a r e  a s  fo l lows :  

po/d = 7 . 0 [ ( v / C t ) /  ( Q / Q t ) ] l * z l  (E/Et)1*2G t low v e l o c i t y  (34)  

= 5.4(V/Ct) 0.74 (Q/Q, 1 - O  83 (E/Et)0*84 ( E / € ~ ) - ~ ' ~ ~  (Yt/Et)- '*lG 

i n t e r m e d i a t e  v e l o c i t y  (35)  
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where 

= c r a t e r  dep th  
P O  

d = p r o j e c t i l e  d i ame te r  

v = c l o s i n g  v e l o c i t y  i n  k i l o m e t e r s  pe r  second 

t = t a r g e t  s u b s c r i p t  

Ct = b u l k  v e l o c i t y  of sound i n  k i l o m e t e r s  p e r  second 

Q = Heat  t o  m e l t  i n  c a l o r i e s  p e r  gram 

E = x Young's modulus,  k i log rams  pe r  s q u a r e  c e n t i m e t e r  

E = d u c t i l i t y ,  p e r c e n t  e l o n g a t i o n  i n  2- inch  gauge l e n g t h  a t  f r a c t u r e  

Y = y i e l d  s t r e n g t h  a t  0.2 p e r c e n t  o f f s e t ,  k i lograms per  s q u a r e  
c e n t  ime t e r 

v = P o i s s o n ' s  r a t i o .  

The p o i n t s  of  s e p a r a t i o n  of t h e  v e l o c i t y  regimes depend n o t  o n l y  on t h e  
v e l o c i t y ,  b u t  a l s o  on t h e  o t h e r  parameters  i n  e q u a t i o n s  (34-36) i n  a 
r a t h e r  compl ica ted  manner which is  d e s c r i b e d  i n  Reference  10.  F i g u r e s  1 
and 2 compare t h e s e  r e s u l t s  w i t h  t h o s e  f o r  l i n e s :  (1) w i t h  s l o p e  213 by 
Hermann and Jones  [22]  based on a s u r v e y  and a n a l y s i s  of  d a t a  and t h e o r y ,  
and (2)  w i t h  s l o p e  112 p r e v i o u s l y  sugges t ed  by Dal ton  [ 7 ]  based on 
e n g i n e e r i n g  judgment and a b r i e f  c o n s i d e r a t i o n  o f  d a t a  and t h e o r y .  Some 
of  t h e  d a t a  f rom Reference  1 0  extend up t o  a b o u t  8 k i l o m e t e r s  pe r  second,  
which v e l o c i t y  cor responds  t o  the  midd le  i n  F i g u r e s  1 and 2 ,  and i n c i d e n -  
t a l l y  is t h e  c i r c u l a r  o r b i t a l  v e l o c i t y  n e a r  t h e  e a r t h ;  b u t  most  o f  t h e  
d a t a  were a t  c o n s i d e r a b l y  lower v e l o c i t i e s .  The d i v i s i o n  of d a t a  i n t o  
t h r e e  v e l o c i t y  regimes i s  s a i d  [ lo ]  t o  have r e s u l t e d  i n  samples  o f  from 100 
t o  170  d a t a  p o i n t s  i n  each  regime. The m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t  
w i t h  e q u a t i o n s  (34-36) was r e p o r t e d  [ l o ]  t o  be  0.959, 0.982, and 0.989. 
A s  a n  a l t e r n a t i v e  t o  e q u a t i o n  (36) ,  a more compl ica ted  formula i n v o l v i n g  
a n u m e r i c a l l y  s m a l l  power of  Y t / E t  i n c r e a s e d  t h e  m u l t i p l e  c o r r e l a t i o n  
c o e f f i c i e n t  by 0.001, b u t  equa t ion  (36) would seem t o  be  a p p r o p r i a t e .  

Equat ion  (36)  cannot  be  used d i r e c t l y  t o  e s t a b l i s h  a formula f o r  
log  fi i n  e q u a t i o n  (32) because  Young's modulus E ,  P o i s s o n ' s  r a t i o  v, 
and d u c t i l i t y  E i n  e q u a t i o n  (36)  a r e  h y p o t h e t i c a l  f o r  d u s t b a l l  me teo ro ids .  
But  i t  seems a p p r o p r i a t e  t o  cons ide r  t h e  f u n c t i o n  of t he  p r o j e c t i l e  param- 
e t e r s  i n  e q u a t i o n  (36) a s  some undetermined c o n s t a n t .  The d i ame te r  
d o f  a s p h e r i c a l  meteoro id  i s  r e l a t e d  t o  t h e  mass m and d e n s i t y  p by P 
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FIGURE 1. RATIO OF CRATER DEPTH po AND PROJECTILE DIAMETER d FOR IMPACT 
OF SPHERICAL PROJECTILES OF SOFT ALUMINUM (HP AR) AT 
VELOCITY v KILOMETERS PER SECOND AT NORMAL INCIDENCE 

ONTO THICK TARGETS OF SOFT ALUMINUM (HP AR) 
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FIGURE 2. RATIO OF CRATER DEPTH po AND PROJECTILE DIAMETER d FOR IMPACT OF SPHERICAL 
PROJECTILES OF HARD ALUMINUM ( 2 0 2 4 T - 3 )  AT VELOCITY V KILOMETERS PER 

SECOND AT NORMAL INCIDENCE ONTO THICK TARGETS OF HARD ALUMINUM ( 2 0 2 4 T - 4 )  
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Also  t h i c k - t a r g e t  c r a t e r  d e p t h  po is though t  ( see  Da l ton  [ 7 ] )  t o  b e  pro- 
p o r t i o n a l  t o  t h e  t h i c k n e s s  p of a j u s t - p u n c t u r a b l e  w a l l .  The re fo re ,  
e q u a t i o n  (36) can be  r e p l a c e d  by 

where k is  a c o n s t a n t .  With t h e  v a l u e s  f o r  t h e  m a t e r i a l  parameters  i n  
e q u a t i o n  (38) t a b u l a t e d  i n  Reference  10 ,  e q u a t i o n  (33) can be  supplemented 
f o r  aluminum 2024-T3 a s  fo l lows :  

( log  p ,  l o g  fi, C,,Et, y t ,  = (-2.233, -7.539, 6.25, 
(39)  

0 .745,  0.33, 0.18). 

Then, by equa t ions  (38) and (39) ,  t h e  c o n s t a n t  k i n  e q u a t i o n  (38)  can b e  
e v a l u a t e d ,  and e q u a t i o n  (38) becomes 

log  5 = 10.985 + 3 1 0 g ( p C ; * ~ ~  v8*0 t  EO**^ t >. (40) 

X. PUNCTURE PREDICTION FOR THE PEGASUS EXPERIMENT 

The Pegasus pay load ,desc r ibed  i n  References  23  and 24, is  t o  be  unfo lded  
i n t o  a l a r g e  randomly o r i e n t e d  winged o r b i t i n g  s t r u c t u r e  in s t rumen ted  t o  
count  meteoroid punc tu res .  The S a t u r n  SA-9 v e h i c l e  w i l l  b e  f lown e a r l y  
i n  1965 t o  i n s e r t  a Pegasus payload i n t o  a n  o r b i t  w i t h  p e r i g e e  and apogee 
h e i g h t s  of 505 and 740 k i l o m e t e r s ,  r e s p e c t i v e l y . "  By e q u a t i o n  ( l o ) ,  t h e  
v a l u e  of p2 i n  e q u a t i o n s  (31)  and (32)  is -1.229. 

J. 

The unfolded Pegasus s t r u c t u r e  s u p p o r t s  416 f l a t  me ta l  s h e e t s  backed 
w i t h  punc tu re - sens ing  c a p a c i t o r s ,  each  w i t h  a h e m i s p h e r i c a l l y  exposed 
a r e a  of  0.516 s q u a r e  meter  (20 by 40- inch  r e c t a n g l e s ) .  The 416 s e n s o r s  
a r e  of  t h r e e  t y p e s ,  which w i l l  be  c a l l e d  t h i n ,  t h i c k ,  and t h i c k e r ,  and 
t h e r e  a r e  1 6 ,  34,  and 366 of each ,  r e s p e c t i v e l y .  The t h i n  s h e e t  is  of  
s o I t  aluminum (1100-H14) nominal ly  0 .0015-inch.  The o t h e r  s h e e t s  a r e  
of ha rd  aluminum (2024-T3) nominal ly  0.008 and 0.016-inch,  The exposed 
s u r f a c e  of  each s h e e t  is coa ted  w i t h  a l a y e r  of from 0.4 t o  0.5 gram 
per  s q u a r e  f o o t  of MTL-3,"i"i 
t o  t h e  back of each  s h e e t  w i t h  a 0 .00018-inch l a y e r  o f  a d h e s i v e .  The 
s p e c i f i c  g r a v i t y  of the  mylar is 1.395. The d e n s i t y  of t h e  p r o p r i e t a r y  
a d h e s i v e  (G. T. S c h j e l d a h l  co . ,  N o r t h f i e l d ,  Minn.) has  n o t  been i n d i c a t e d ;  

A 0.0005- inch  t r i l a m i n a t e  of mylar  is  a t t a c h e d  

-!- 

"See  f o o t n o t e  on  page 19. 
fW2ierma 1 Control  Coating . 
16 



b u t  a g e n e r a l  r u l e  f o r  adhes ives  which is s u f f i c i e n t l y  a c c u r a t e  f o r  t h i s  
purpose  is  t h a t  the weight  i n  pounds p e r  s q u a r e  f o o t  is  a b o u t  t e n  t imes 
t h e  t h i c k n e s s  i n  i n c h e s ,  and this  would i n d i c a t e  a s p e c i f i c  g r a v i t y  of  
a b o u t  1 .9 .  The t h i n  s h e e t  is  bonded t o  t h e  t r i l a m i n a t e  of  mylar  by 
r o l l i n g ,  which is expected t o  d i s s i p a t e  most of  t h e  a d h e s i v e  between 
t h e  aluminum s h e e t  and t h e  t r i l a m i n a t e ;  b u t  t h e  o t h e r  s h e e t s  a r e  n o t  
r o l l e d  i n  a p p l y i n g  t h e  t r i l a m i n a t e ,  A f t e r  t h e  s h e e t  has  been bonded 
o n t o  one s i d e  of t h e  t r i l a m i n a t e ,  a d h e s i v e  is a p p l i e d  t o  t h e  o t h e r  s i d e  
a s  a b a s e  f o r  t h e  vacuum depos i t ed  0.000025-inch copper  p l a t e  of  t h e  
c a p a c i t o r .  Apparen t ly ,  t h e  added m a t e r i a l s  which must b e  punctured  
weigh a s  much a s  a 0.0004-inch o r  0.0005-inch f o i l  o f  aluminum, even 
when t h e  a d h e s i v e  between t h e  t r i l a m i n a t e  and t h e  copper  is  ignored ,  
and t h e  i n c r e a s e d  weight  f o r  t h e  t h i n  s e n s o r  is thought  t o  be  somewhat 
less t h a n  t h a t  f o r  t h e  o t h e r  s e n s o r s .  

The d e s c r i p t i o n  of  t h e  Pegasus s e n s o r s  which w a s '  g i v e n  above, 
and which is  i l l u s t r a t e d  i n  F igure  3, is  somewhat d i f f e r e n t  from t h a t  
g i v e n  i n  References  23 and 24. No adequa te  documentat ion has  been found 
f o r  t h i s  d e s c r i p t i o n ,  and t h e  p r e s e n t  d e s c r i p t i o n  is  n o t  a s  d e f i n i t i v e  
a s  i t  should  b e  f o r  t h e  p r e s e n t  purpose.  It is  based p a r t l y  on informa- 
t i o n  o b t a i n e d  i n  c o n v e r s a t i o n  wi th  pe r sonne l  from Pegasus P r o j e c t  O f f i c e ,  
P r o p u l s i o n  and Veh ic l e  Engineer ing  Labora to ry ,  Research  P r o j e c t  Labora to ry ,  
A s t r i o n i c s  Labora to ry ,  F a i r c h i l d  H i l l e r  Company (prime c o n t r a c t o r )  , and 
G. T. S c h j e l d a h l  Company ( s u b c o n t r a c t o r ) .  Not o n l y  t h e  a d h e s i v e  b u t  
a l s o  t h e  bonding p rocess  is  s a i d  t o  b e  p r o p r i e t a r y .  Also no in fo rma t ion  
was found f o r  t h e  a c t u a l  t h i c k n e s s e s  of t h e  aluminum s h e e t s  i n  c o n t r a -  
d i s t i n c t i o n  t o  nominal t h i c k n e s s e s .  

I n  t h i s  a n a l y s i s  i t  w i l l  be assumed t h a t  a l l  t h r e e  o f  t h e s e  com- 
p o s i t e  s t r u c t u r e s  have t h e  same puncture  r e s i s t a n c e  a s  homogeneous s h e e t s  
of  0.0004-inch i n c r e a s e d  th i ckness  of t h e  same aluminum m a t e r i a l s  would 
have.$: Then t h e  v a l u e s  f o r  fi i n  equa t ion  (32 ) ,  t h e  masses of t he  nominal ly  
p u n c t u r i n g  me teo ro ids  , are  found by s u b s t i t u t i n g  i n t o  e q u a t i o n  (40)  t h e  
v a l u e s  of  t h e  m a t e r i a l  parameters  from Reference  10; i . e . ,  

l o g  fi = -0.894 + 3 log p f o r  s o f t  aluminum (1100-H14) 

= -7.843 f o r  t h e  t h i n  s e n s o r s  

= -0.839 + 3 l o g  p f o r  hard aluminum (2024-T3) 

= -5.852 f o r  t h e  t h i c k  s ens o r s  

= -4.980 f o r  t h e  t h i c k e r  s e n s o r s .  

J. 

"The 1.5-mil s e n s o r  i s  e q u i v a l e n t  t o  1.9-mil aluminum 1100-Hl4, 
t h e  8-mil  s e n s o r  i s  e q u i v a l e n t  to 8 .4-mil  aluminum 2024-T3, and 
t h e  16-mil  s e n s o r  i s  e q u i v a l e n t  to  16.4-mil aluminum 2024-T3. 1 7  



T h e r e f o r e ,  by e q u a t i o n  (32),  t h e  l o g a r i t h m s  of t h e  p u n c t u r e  f l u x e s  p e r  
s q u a r e  meter p e r  second a r e  -4.681, -7.128, and -8.200 f o r  t h e  t h i n ,  
t h i c k ,  and t h i c k e r  s e n s o r s  , r e s p e c t i v e l y .  Then, by c o n s i d e r i n g  t h e  
exposed areas, one p r e d i c t s  that  t h e  co r re spond ing  v a l u e s  f o r  t h e  mean 
number of punc tu res  pe r  day a r e  14.9,  0.113, and 0.103, and p e r  year?': a r e  
5430, 41 ,  and 38 f o r  t h e  t h i n ,  t h i c k ,  and t h i c k e r  s e n s o r s ,  r e s p e c t i v e l y .  

X I .  CONCLUSIONS AND RECOMMENDATIONS 

Whipple 's  [2]  model f o r  t h e  n e a r - e a r t h  mean f l u x  of me teo ro ids  
i n c i d e n t  onto a randomly o r i e n t e d  s u r f a c e  shou ld  be  cons ide red  t o  i n d i -  
c a t e  f l u x  too h i g h  by 0.44 o r d e r  of  magni tude.  Th i s  proposed a d j u s t m e n t  
co r re sponds  t o  a n  i n c r e a s e  of  0.08 o r d e r  of  magni tude t o  i n c l u d e  t h e  mean 
f l u x  from showers,  a n  i n c r e a s e  of 0.27 o r d e r  of magni tude t o  a d j u s t  f o r  
p r e s s u r e  d i f f e r e n c e s  between t h e  ARDC Model Atmosphere 1959 [12]  and the 
U. S .  Standard Atmosphere 1962 [ 1 3 ] ,  a d e c r e a s e  of 0.07 o r d e r  of magnitude 
th rough  a s i m p l i f y i n g  approx ima t ion ,  and a f u r t h e r  d e c r e a s e  of  0.72 o r d e r  
of magnitude f o r  a weighted comparison w i t h  H a s t i n g ' s  [ 9 ]  punc tu re  r e s u l t s  
f o r  E x p l o r e r  X V I  and D a l t o n ' s  [ 7 ]  model f o r  p u n c t u r a b l e - w a l l  t h i c k n e s s .  
The 0.27-order-of-magnitude ad jus tmen t  due t o  a r e v i s i o n  of the assumed 
a t m o s p h e r i c  p r e s s u r e  co r re sponds  t o  a 0.20-order-of -magnitude i n c r e a s e  
i n  t h e  assumed mass of t h e  me teo ro id  a t  30 k i l o m e t e r s  p e r  second v e l o c i t y  
which produces a ze ro -abso lu te -v i sua l -magn i tude  meteor  (he re  r e v i s e d  t o  
10". grams) ,  

Whipple 's  [2 ]  e s t i m a t e  of 0.44 gram p e r  c u b i c  c e n t i m e t e r  f o r  t h e  
mean d e n s i t y  of me teo ro ids  seems a p p r o p r i a t e  t h roughou t  t h e  t e n  o r d e r s  
of magnitude below u n i t  mass i n  grams, Over t h i s  r ange  of  mass,  which 
i s  presupposed i n  t h i s  s t u d y ,  t h e r e  is  n o t  s u f f i c i e n t  ev idence  t o  i n d i -  
c a t e  any s i g n i f i c a n t  s t a t i s t i c a l  dependence between mass and v e l o c i t y .  
The weighted mean and p robab le  e r r o r  o f  the l o g a r i t h m  of t h e  g e o c e n t r i c  
v e l o c i t y  f o r  pho tograph ic  meteors  a r e  log  26.7 and 0.12, r e s p e c t i v e l y ;  
and t h e  c l o s i n g  v e l o c i t y  w i t h  r e s p e c t  t o  a n  o r b i t i n g  v e h i c l e  is n o t  con- 
s i d e r e d  t o  be e s s e n t i a l l y  d i f f e r e n t .  But ,  because  d e n s i t y ,  v e l o c i t y ,  
and impact a n g l e  a r e  s t a t i s  t i c a l l y  independent  random v a r i a b l e s ,  t h e  
expected number of punc tu res  th rough  a g i v e n  s t r u c t u r e  i s  f o u r  t i m e s  a s  
l a r g e  as  the  expected number of  i n c i d e n t  m e t e o r o i d s  w i t h  mass e q u a l  t o  
o r  g r e a t e r  than t h e  mass of  a meteoroid which w i l l  j u s t  p u n c t u r e  t h e  
s t r u c t u r e  when i t  has  t h e  mean v e l o c i t y ,  the mean impact a n g l e ,  and t h e  
mean d e n s i t y .  

;';See f o o t n o t e  o n  page 19. 
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A t  any f i x e d  d i s t a n c e  between one hundred and one m i l l i o n  k i l o m e t e r s  
from t h e  s u r f a c e  of  t h e  e a r t h ,  meteoro id  f l u x  ( i n c i d e n t  f l u x  o r  punc tu re  
€ lux )  shou ld  b e  cons ide red  a n  e x p o n e n t i a l  f u n c t i o n  of m a s s .  The exponent  
has  a u n i t  n e g a t i v e  v a l u e  a t  t h e  moon's d i s t a n c e ,  a v a l u e  of  - 1 : 3 4  a t  one 
hundred k i l o m e t e r s  above sea l e v e l ,  and an  e f f e c t i v e  v a l u e  of -1 .205  f o r  
t h e  Exp lo re r  X V I  o r b i t .  
found from e q u a t i o n s  ( 3 1 )  and ( 3 2 ) ,  r e s p e c t i v e l y ,  when t h e  v a l u e  f o r  t h e  
exponent  p2 is  s u b s t i t u t e d  from equa t ion  ( 2 )  and t h e  v a l u e  of t h e  nominal 
mass fi i s  s u b s t i t u t e d  from equa t ion  ( 4 0 ) .  

The i n c i d e n t  f l u x  Fs and punc tu re  f l u x  ,@ a r e  

During one yea r  a f t e r  a Pegasus s a t e l l i t e  has  been  deployed i n  a n  
o r b i t  w i t h  p e r i g e e  and apogee h e i g h t s  of 505 and 740 k i lome te r s ,$ :  t h e  
number of punc tu res  i n  the  16 s h e e t s  of t h e  0.0015-inch s e n s o r ,  t h e  34 
s h e e t s  of t h e  0.008-inch s e n s o r ,  and t h e  366 s h e e t s  of t h e  0 .016- inch  
s e n s o r  a r e  p r e d i c t e d  t o  be approximate ly  5 4 3 0 ,  41 ,  and 3 8 ,  r e s p e c t i v e l y ,  
when t h e  e x t r a  m a t e r i a l  i n  t h e  bonded c a p a c i t o r s  i s  c o n s i d e r e d .  The 
e s t ima ted  masses of t h e  meteoro ids  which can j u s t  p u n c t u r e  t h e s e  s e n s o r s  
when they  have t h e  mean v a l u e s  of d e n s i t y  (0.44 gram p e r  c u b i c  c e n t i -  
m e t e r ) ,  v e l o c i t y  (26 .7  kilometel ls  pe r  s econd) ,  and impact  a n g l e  ( ~ / 4  
r a d i a n )  a r e  10-7*R4, , and 10'4*"8 gram. 

;\These h e i g h t s  have been s l i g h t l y  r e v i s e d  r e c e n t l y  i n  Reference  25 .  '.'. J- These numbers have n o t  been a d j u s t e d  f o r  temporal  changes i n  t h e  

o r b i t a l  h e i g h t s  due t o  l i g h t  p r e s s u r e  , aerodynamic d r a g ,  e t c .  

1 9  



AMTL-3 c o a t i n g ,  0.4 t o  0.5 gram per  s q u a r e  f o o t .  
I 

aluminum f o i l  nominal ly  0 .0015- inch ,  o r  
2024-T3 aluminum s h e e t  nomina l ly  0 .008- inch ,  o r  

4024-T3 a luminum s h e e t  nominal ly  0. O i  6 -  i nch .  

0.00018-inch S c h j e l d a h l  p r o p r i e t a r y  a d h e s i v e ,  i' r e s  idua 1 t h i c k n e s s  a f t e r  Sch j e Ida h l  p r o p r i e t a r y  
b o n d  ing  p rocess  . 
0.00015-inch Mylar d i e l e c t r i c ,  Type C ,  

g r a v i t y  1 .395  

0.000025-inch S c h j e l d a h l  p r o p r i e t a r y  a d h e s i v e .  i 
i0,00015-inch mylar  d i e l e c t r i c ,  Type C ,  

< < s p e c i f i c  g r a v i t y  1 .395.  

0.000025-inch S c h j e l d a h l  p r o p r i e t a r y  a d h e s i v e .  { 
f0.00015-inch mylar  d i e l e c t r i c ,  Type C ,  
k p e c i f  i c  g r a v i t y  1 .395 

r 4 S c h j e l d a h l  p r o p r i e t a r y  a d h e s i v e  
i 

[ O .  000025-inch vacuum d e p o s i t e d  copper  f o i l  f o r  t h e  
l c a p a c i t o r  s e n s o r  

FIGURE 3 .  SCHEMATIC CROSS-SECTION FOR THE 10-LAYERED 
CAPACITOR PUNCTURE SENSORS ON THE PEGASUS SATELLITE 
BASED ON BEST INFORMATION AVAILABLE 
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